ABSTRACT. Rainfall and other extreme events often trigger debris flows. This study examines the debris flow initiation characteristics and probability of debris flow occurrence after extreme rainfalls. The Chenyulan watershed, central Taiwan, which has suffered from the Chi-Chi earthquake (CCE) and extreme rainfalls, was selected as a study area. The rainfall index (RI) was used to analyze the return period (T) and characteristics of debris flow occurrence after extreme rainfalls. The characteristics of debris flow occurrence included the variation in critical RI, threshold of RI for debris flow initiation, and 15 recovery period (t0), the time required for the lowered threshold to return to the original threshold. The variations in critical RI after extreme rainfall and t0 associated with RI were presented. The critical RI threshold was reduced in the years following an extreme rainfall event. The reduction in RI as well as to were influenced by the RI. Reduced RI values showed an increasing trend over time, and it gradually return to initial RI. The empirical relationship between the probability of debris flow occurrence (P) and corresponding T of the rainfall characteristics for areas affected by extreme rainfalls and 20 affected by the CCE were developed. Finally, a method for determining the P of a rainfall event was proposed based on the relationship between P and T. This method was successfully applied to evaluate the probability of debris flow occurrence after extreme rainfalls.
watershed, Taiwan. Long-term rainfall records were obtained from three meteorological stations (Sun Moon Lake, Yushan, and Alisan stations, as shown in Figure 1 ). These data were used to estimate the regional rainfall characteristics for the whole Chenyulan watershed, via the reciprocal-distance-squared (RDS) method (Chow et al., 1988) . Table 1 Note: N = total number of individual debris flows triggered by each rainfall event; Im= maximum hourly rainfall in each rainfall event; Rd = maximum 24-h rainfall amount in each rainfall event; RI = rainfall index, RI = Rd Im
2-2 Variations in the rainfall index
Extreme rainfall events and the CCE have been shown to affect the critical conditions required for the occurrence of debris 10 flows, and the critical RI values for occurrence of debris flows have been classified into four categories (Chen et al., 2013) , as shown in Figure 2 , the periods before TH, between TH and CCE, between CCE and TMi, and between TMi and TM.
These periods had critical RI values of approximately 165, 60, 2, and 100 cm 2 /h, respectively. These trends showed that TH caused numerous landslides and debris flows in the watershed, which reduced the critical rainfall threshold for debris flows in subsequent years and the CCE significantly lowered the critical rainfall threshold for debris flow occurrence in the 15
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Variations in the rainfall index after extreme events
The extreme events in the Chenyulan watershed included a severe earthquake, the CCE, and five extreme rainfalls (TH, TT,  10 TMi, HR, and TM). The extreme rainfall events and the severe earthquake affected the critical condition for debris flow occurrence. Here, the variation ratio in RI (i.e., the index rR) was used to evaluate the affected period for the variation of RI after an extreme event. rR is defined as RIt/RIo, in which RIt is the value of the critical RI to trigger debris flow at the t years after an extreme event; RIo is the critical RI unaffected by extreme events such as extreme rainfalls or the CCE, where RIo = 165 cm 2 /h (i.e., the critical RI before TH), as shown in Figure 2 . rR < 1.0 indicates that the critical RI to initiate debris flow is 15 lower than that unaffected by extreme events. rR = 1.0 indicates that the critical RI after an extreme event is equal to that before TH (= 165 cm 2 /h), and the critical RI has returned to that unaffected by extreme events. in Figure 3 . The empirical curve, determined from the lower bound of the data, at each extreme event could be obtained.
Furthermore, two empirical parameters, the initial stage of rR (rR0) and the recovery period (to), could be obtained from the empirical curve. to represents the period for the critical RI affected by an extreme rainfall, which can be determined from an estimation of the required period for rR to change from the initial value at rR0 (< 1) to rR = 1. For example, one can obtain rR0 = 0.8 and to = 1.2 years for RI = 368 cm 2 /h driven by the extreme rainfall of TMi, and rR0= 0.65 and to = 2.3 years for RI = 5 529 cm 2 /h driven by HR. Each curve showed that rR at the initial stage (t = 0), rRo, was the lowest (with rR < 0) and rR gradually increased with increasing t. rR < 0 indicates that that the critical RI after an extreme event is lower than RIo, and the lowered value depends on the RI value driven by extreme rainfall. Among the empirical curves, the lowest rRo was caused by the CCE, as shown the dash line in Figure 3 . The recovery period to affected by CCE was approximately 5 years that agreed with the results of Chen (2011) . The impact of the CCE on the critical RI was more significant than those of the extreme 10 rainfalls. Figure 4 shows the relationship between rR0 and RI and the relationship between to and RI. The recovery period (to) was between 1 and 3 years and depended on RI. rR0 decreased and to increased with increasing RI, indicating that a rainfall event with a higher RI resulted in a decrease in the critical RI and longer period affected by the extreme rainfall. Understanding the 15 empirical relationships for rR0 and to against RI are helpful for modifying the criteria of debris flow warnings after suffering extreme rainfalls in the Chenyulan watershed. For example, rR0 = 0.4 and to = 3.2 years when an extreme rainfall with RI = 900 cm 2 /h based on the curves showed in Figure 4 . This indicates that the critical RI after an extreme rainfall event could be modified to 40% of the original criteria (RIo = 165 cm 2 /h) to RI = 66 cm 2 /h, and the period of critical RI could be lowered to approximately three years. 20
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4-1 Return period of rainfall
Many methods, such as the formulas by Weibull, Jenkinson, and Gringorten, the computational methods, as well as the modified Gumbel method, have been used to evaluate the return period T of rainfall (Makkonen, 2006) . The Weibull formula was used to estimate T for the rainfall of annual maximum series in this study because it can predict much shorter 15 return periods of extreme events than the other methods (Makkonen, 2006) . T can be estimated by the Weilbull formula as Where n refers to the number of years in the record and m is the rank of a value in a list ordered by descending magnitude.
The RI data of the annual maximum series collected in the Chenyulan watershed between 1960 and 2016 were used to determine T. Figure 5 shows the relationship between RI and T, which can be expressed as 
4-2 Probability of debris flow occurrence
The P of debris flow occurrence for a rainfall event greater than a value of RI can be calculated by the number (ND) of rainfall events that have triggered debris flows divided by the number (NR) of rainfall events, where P = ND/NR. Hence, the P for a rainfall event with given RI or T values corresponding to RI (based on the data in Figure 5 ) could be determined. Four 5 empirical curves of P versus RI or T based on different periods were developed. The four periods were: (i) the CCE-affected period (CCEAP), (ii) the extreme rainfall-affected period (ERAP), (iii) the whole period (WP) between 1985 and 2016, and (iv) the WP excluding CCEAP and ERAP. After the CCE, the critical RI dropped sharply to approximately 2 cm 2 /h, which was 30 times lower than that before the CCE (critical RI = 60 cm 2 /h) (Figure 2 ). The CCE significantly lowered the critical rainfall threshold for debris flow occurrence in the subsequent five years (Chen, 2011; Chen et al., 2013) . Hence, the CCEAP 10 was considered to be the period of five years after the CCE. Because the critical RI of debris flow occurrence was affected by extreme rainfalls and the affected periods could be reach three years (Figure 4) , data within three years after extreme rainfalls were selected to develop the relationship of P versus RI or T for the ERAP. Finally, the WP considered the data of whole period , including CCEAP and ERAP. Figure 6 shows the relationships between P and T for the four periods, which can be expressed in the form of a logistic 15 function (Hosmer and Lemeshow, 2000) Where and are empirical coefficients that can be determined by fitting the given data. The empirical coefficients and at for the four periods are listed in Table 3.   20   Table 3 : Empirical coefficients ofa and b at in the four studied periods The fitted curve of the P-T relationship for WP was similar to that of WP excluding CCEAP and ERAP. Because WP used long-term data between 1985 and 2016, excluding the short-term data of CCEAP and ERAP to develop the P-T relationship, there is no obvious difference. Meanwhile, P rose significantly after an extreme rainfall event or the CCE at the same T or 25 under the same rainfall condition. In particular, the P value affected by CCE was markedly higher than that affected by extreme rainfalls. The benefits of developing the P-T relationship ( Figure 5 ) include that P values can be evaluated at Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-265 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 28 July 2017 c Author(s) 2017. CC BY 4.0 License. various T values (or different rainfall conditions) to understand how P is affected by the CCE or extreme rainfall. For example, P = 59% at T = 1.5yr (see black curve in Figure 6 ), while P increases to 87% after an extreme rainfall event (see blue curve) and P = 100% after the CCE (see red curve). Tongfu, and Xinyi villages (Chen et al., 2011) in the Chenyulan watershed. The relationship between P and T were applied to evaluate the probability of debris flow occurrence after recent rainfall events, such as TM.
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The P-T relationship of the WP is where T is associated with RI and can be expressed by Eq. (2), i.e., T = (RI/180) 2.27 + 0.98. The probability of debris flow occurrence can be determined when RI is given according to Eq. (4) or Eq. (5).
However, the two equations were developed based on different periods and different data sets, and the valid conditions for the two equations may not be identical. Eq. (4) predominantly reflects the long-term characteristics of debris flow occurrence, and cannot reflect the short-term characteristic caused by extreme events. In contrast, Eq. (5) focuses on the influence of 5 extreme rainfall events. Hence, field data of debris flow occurrence and rainfall between 2012 and 2014 were collected to assess the proposed equations. Figure 7 shows the variation in the predicted P (blue line) by Eq. (4) from 2012 to 2014, and the peaks labeled with "OCC" in the figure represent debris flow events. There were five debris flow events (Table 4 ) and most data, four of five, were reasonably predicted by Eq. (4), that four predicted P are exceeding 50%. One debris flow event during Typhoon Talim was 10 not predicted successfully in association with the events occurring within three years after the extreme rainfall event TM.
The RI for debris flow occurrence decreased in the early stage after the extreme rainfall event owing to the fact that extreme rainfalls result in large amounts of loose debris in gullies and on slopes. When the P-T relationship in ERAP (Eq. (5)) was used, instead of Eq. (4), the predicted P (red line) with P > 50% was in agreement with the field data of debris flow occurrence. 15 The extreme rainfall events and the CCE affected the critical condition for the occurrence of debris flows. RI could reflect the debris flow initiation characteristics after extreme rainfalls. The critical RI threshold for the occurrence of debris flows 10 was reduced in the years following an extreme rainfall event. Reduced RI values showed an increasing trend over time, and it gradually return to initial RI, representative of the RI unaffected by the extreme rainfall. The required time, i.e., the recovery period (to), for the decreased RI to increase to the original value for extreme rainfalls was analyzed. The reduction in RI as well as to were influenced by the RI. The RI at the early stage after an extreme rainfall showed the maximum decrease of approximately 30% of the original RI. The maximum to was approximately three years. Understanding the 15 reduced RI and to are helpful for modifying the criteria of debris flow warnings after suffering extreme rainfalls in the Chenyulan watershed.
The rainfall index (RI) associated with return period (T) was analyzed. The extreme events triggering numerous debris flows, excluding events affected by CCE, mostly had T values exceeding 10 years. The T value for the critical RI affected by 20 the CCE was approximately 1 year, much smaller than that affected by extreme events. The empirical relationships between the probability of debris flow occurrence P and T based on the CCE and extreme rainfalls were developed. P increased significantly after extreme rainfall events or the CCE at the same T. In particular, the P value influenced by the CCE was markedly higher than that affected by the extreme rainfall. The relationship between P and T was applied to evaluate P during recent rainfall events after the extreme rainfall of TM, which showed that the model was reasonable for explaining 25 debris flow occurrence. The benefits of developing the P-T relationship include that P values can be evaluated at various T values (or different rainfall conditions) to understand how P is affected by the CCE or extreme rainfall.
